ABSTRACT. Many developmental genes play important roles in regeneration. Here, we cloned the two developmental genes, Wnt6 and Hox6, from Apostichopus japonicus by rapid amplification of cDNA ends (RACE) polymerase chain reaction (PCR). The Wnt6 full-length cDNA is 1140 bp long with a 1029-bp open reading frame encoding 342 amino acids. The deduced Wnt6 protein contained a 22-amino acid signal peptide and a 274-amino acid mature peptide. The Hox6 (AjHBOX6) full-length cDNA contained 1312 bp with a 966-bp open reading frame encoding 321 amino acids. Its deduced amino acid sequence included one homeodomain (60 amino acids) and three domains with low compositional complexity. Comparison and phylogenetic analysis revealed that Wnt6 and Hox6 in A. japonicus had the nearest relationship to those in sea urchins. Further expression analysis by real-time PCR showed that Wnt6 and Hox6 were apparently upregulated during intestine regeneration, which
INTRODUCTION
It is widely accepted that the canonical Wnt pathway is involved in the activation of gene regulatory networks during development and regeneration (Hobmayer et al., 2000; Monga et al., 2001; Lengfeld et al., 2009; Gurley et al., 2010) . Wnt genes encode a large family of secreted, cysteine-rich proteins that are critical mediators of key cell-cell signaling events in development and regeneration (Wodarz and Nusse, 1998; Logan and Nusse, 2004) . To date, about 200 known Wnt genes have been subdivided into 16 subfamilies, Wnt1-Wnt16 (http://www.ncbi.nlm.nih.gov). Intriguingly, distinct Wnt genes have opposing roles in regeneration -some genes (Wnt8) promote regeneration and some inhibit regeneration (Wnt5b) (Stoick-Cooper et al., 2007) . Currently, the studies on Wnt6 demonstrated that it plays the role of promoting development and regeneration (Schubert et al., 2002; Geetha-Loganathan et al., 2006) . Wnt6 encodes the 1st pan-epidermal Wnt signaling molecule and promotes epithelial remodeling, myogenesis, and epithelial-mesenchymal transformation; besides, it activates endodermal genes in the endomesoderm gene regulatory network (Schubert et al., 2002; GeethaLoganathan et al., 2005 GeethaLoganathan et al., , 2006 Croce et al., 2011) .
Hox genes encode transcription factors that determine positional identity along the anteroposterior axis in a wide range of organisms to guide tissue differentiation (Bayascas et al., 1997; Leucht et al., 2008; Wang et al., 2009; Pfeifer et al., 2012) . They encode Hox proteins that are accessory factors that bind to specific DNA sequences to activate or repress genes (Wang et al., 2009 ). The Hox genes determine progenitor cell fate and then pose the positional memory in wound healing and regeneration; for example, planarians can regenerate a head if it loses the head, and it can regenerate a tail if it loses the tail (Bayascas et al., 1997; Leucht et al., 2008) . It is interesting to note that some Hox genes play different roles in development and regeneration; thus, these Hox genes are deemed truly "regeneration-specific" genes. For instance, Hoxc10L is not expressed during axolotl forelimb development, but it is expressed during forelimb regeneration (Carlson et al., 2001) . The ancestral echinoderm's Hox genes contain at least 11 paralogous genes, which are not known for all echinoderm classes (Long and Byrne, 2001) . Nine Hox-type sequences (three genes of the anterior: HgHbox1, HgHbox2, and HgHbox3; one of the medial: HgHbox5; and five of the posterior: HgHbox9, HgHbox10, HgHbox11, HgHbox12, and HgHbox13) from the sea cucumber Holothuria glaberrima have been reported (Mendez et al., 2000) . The Hox6 that was investigated in this experiment in sea cucumber is still unknown.
The sea cucumber Apostichopus japonicus is a common species along the East Asian coast, and this species has the capacity of perfectly regenerating viscera following evisceration. In recent years, an increasing number of scholars have focused on the field of visceral regeneration in sea cucumber (García-Arrarás et al., 1998; Xia and Xia, 2007) . Thickened mesenteries are deemed the center of intestinal regeneration, and the dedifferentiating mesothelium provides the initial source of the intestine rudiment cells (García-Arrarás and Greenberg, 2001; García-Arrarás et al., 2011) . Intestinal regeneration of sea cucumbers employs morphallaxis (mainly cell migration) at the early stage and epimorphosis (mainly cell division) at the later stage (García-Arrarás et al., 1998) . Accompanying the development of new technology, researchers have screened candidate genes that were associated with visceral regeneration by gene microarray or RNA sequencing to study the molecular mechanism of visceral regeneration (Rojas-Cartagena et al., 2007; Ortiz-Pineda et al., 2009; Sun et al., 2011) . The process of intestinal regeneration is complex and involves organogenesis, not merely wound healing. Therefore, many genes show differential expression during intestinal regeneration (Ortiz-Pineda et al., 2009) . However, only a few genes playing important roles in intestinal regeneration in sea cucumbers have been thoroughly studied, such as Wnt9, Bmp1, ependymin, serum amyloid A, survivin, and mortalin (Santiago-Cardona et al., 2003; Suarez-Castillo et al., 2004; Zheng et al., 2006; Mashanov et al., 2010 Mashanov et al., , 2012 . Therefore, the molecular and genetic basis of intestinal regeneration still needs further study. Wnt6 and Hox6 were screened by our previous work involving expression profiling (Sun et al., 2011) . Here, we investigated the mRNA transcripts of Wnt6 and Hox6 and their expression during intestinal regeneration in sea cucumber A. japonicus. This is the 1st report to identify Wnt6 and Hox6 in sea cucumber. This study will provide insights into the roles of these developmental genes in injury-triggered regeneration of echinoderms.
MATERIAL AND METHODS

Animals
Adult sea cucumbers (A. japonicus; 70-100 g) were collected from the coast of Qingdao, Shandong Province, and cultured in the laboratory for 1 week in seawater at 15-17°C before the experiment. Evisceration was induced by injecting about 2 mL 0.35 M KCl to the coelom. The noneviscerated sea cucumbers (control) were fed once per day. All sea cucumbers were anesthetized in 6% MgCl 2 for about 1 h before being sacrificed. At least 5 individuals per stage [3, 7, 10, 14 , and 21 days postevisceration (dpe)] were used for studies. The dissected intestine was frozen and stored in liquid nitrogen.
RNA extraction and cloning of full-length cDNA
Total RNA of regenerative and normal intestines was extracted and DNase-treated using the RNeasy Mini Kit and RNase-Free DNase Set (Qiagen, Germany) following the manufacturer instructions. The quality and concentration of RNA were measured by NanoDrop 1000 (Thermo Fisher Scientific, USA).
To obtain the full-length cDNA of the Wnt6 and Hox6 genes, 5ꞌ and 3ꞌ rapid amplification of the cDNA ends polymerase chain reaction (RACE PCR) was conducted (SMARTer TM RACE cDNA Amplification Kit, Clontech, CA, USA). 5ꞌ-and 3ꞌ-RACE-ready cDNA was synthesized following the manufacturer instructions. The 5ꞌ-RACE cDNA was synthesized in a 10-μL synthesis reaction as follows: 1) 2.75 μL RNA and 1 μL 5ꞌ-CDS Primer A were incubated in a tube at 72°C for 3 min and cooled at 42°C for 2 min; 2) 1 μL SMARTer II A oligonucleotide was added; and 3) 2 μL 5 X First-Strand Buffer, 1 μL dithiothreitol (DTT) (20 mM), 1 μL dNTP mix (10 mM), 0.25 μL RNase inhibitor (40 U/μL), and 1 μL reverse transcriptase (100 U) were added to a final volume of 10 μL and incubated at 42°C for 90 min. The 3ꞌ-RACE cDNA was synthesized using the 3ꞌ-CDS Primer A without the SMARTer II A oligonucleotide in the same reaction system.
We obtained a 512-bp expressed sequence tag for Wnt6 and a 515-bp expressed sequence tag for Hox6 from the transcriptome library of sea cucumber A. japonicus (Sun et al., 2011) . According to the rules of primer design in the SMARTer TM RACE cDNA Amplification kit, gene-specific primers (GSP) for amplifying full-length cDNA were designed by the Primer Premier 5.0 software (Premier Biosoft International, Palo Alto, CA, USA). The 5ꞌ end of Wnt6 was amplified with primers GSPwnt6F1, GSPwnt6F2, and universal primer mix (UPM) ( Table 1) , and the 5ꞌ end of the AjH-BOX6 sequence was amplified with primers GSPAjHbox6F1, GSPAjHbox6F2, (Table 1) and UPM using the 5ꞌ-RACE-ready cDNA as the template. The 3ꞌ end of Wnt6 and was amplified using GSPwnt6R1 and GSPwnt6R2 (Table 1) , and the 3ꞌ end of Hox6 was amplified using GSPAjHbox6R1 and GSPAjHbox6R2 (Table 1 ). Both of these used the UPM primer and 3ꞌ-RACE-ready cDNA as a template. RACE PCR was conducted in a 50-μL amplification reaction mixture including the following: 2.5 μL RACE-ready cDNA, 5 μL 10 X UPM, 1 μL GSP, 5 μL 10 X advantage 2 PCR buffer, 1 μL dNTP mix (10 mM), 1 μL 50 X advantage 2 polymerase mix, and 34.5 μL PCR-grade water. The amplification cycle was 94°C for 1 min; 35 cycles of 94°C for 30 s, 68°C for 30 s, and 72°C for 3 min; and a final extension at 72°C for 3 min (Mastercycler Pro, Eppendorf, Germany).
Primer Sequence The expected DNA fragments were eluted from the 1% agarose gel, ligated into the pMD19-T vector (Takara, Japan), and transformed into JM109 competent cells (Takara, Japan) following manufacturer instructions. Transformed cells were cultured overnight on Luria-Bertani (LB) agar plates containing 100 μg/mL ampicillin. White clones were selected and cultured in SOC medium containing 100 μg/mL ampicillin for 10 h. The positive recombinant clones were sequenced by Beijing HUADA (Beijing, China). The sequences were analyzed and assembled by DNAStar software (DNAStar Inc., USA) to obtain the full-length cDNA.
Sequence analysis
The full-length cDNA sequence and deduced amino acid sequence of Wnt6 and Hox6 were analyzed using the basic local alignment search tool (BLAST) program at the National Center for Biotechnology Information (http://www.ncbi.nlm. nih.gov/blast) and the ExPASy server of the Swiss Institute of Bioinformatics (http://www.expasy.org/tools/). The functional sites or domains in the amino acid sequence were predicted with the simple modular architecture research tool SMART version 4.0 (http://www.smart.embl-heidelberg.de/). The molecular mass and theoretical isoelectric point were predicted using the compute pI/Mw tool (http://www.expasy.org/tools/pi_tool.html). Multiple sequence alignment and phylogenetic analysis were conducted using the program Clustal W (http://www.ebi.ac.uk/clustalW) and the Mega4.0 software.
Real-time PCR analysis of Wnt6 and Hox6 mRNA expression
We analyzed the mRNA expression of Wnt6 and Hox6 during intestinal regeneration in sea cucumber A. japonicus using real-time PCR. Total RNA extraction was carried out by the methods described above. The 1st strand cDNA was synthesized in a 25-μL reaction system as follows. First, 4 μL RNA and 1 μL oligodT18 were denatured at 70°C for 5 min. Then, 1 μL M-MLV reverse transcriptase (Promega), 5 μL M-MLV buffer (25 mM KCl, 10 mM TrisHCl, 0.6 mM MgCl 2 , and 2 nM DTT, pH 8.3), 5 μL dNTP, 1 μL ribonuclease inhibitor, and 8 μL RNase-free water were added at 42°C for 1 h. The synthesized cDNA was diluted with RNase-free water and stored at -80°C for subsequent quantitative real-time PCR.
The mRNA expression levels of Wnt6 and Hox6 were determined using the SYBR Green ® real-time PCR assay with an Eppendorf Mastercycler ® ep realplex (Eppendorf, Hamburg, Germany). The amplification volume was 25 μL, and it contained 12.5 μL SYBR Green Master Mix (Takara), 0.5 μL (each) forward and reverse primer (10 μM) (RTwnt6F, RTwnt6R; AjHbox6F, AjHbox6R) (Table1), 1 μL diluted cDNA, and 10.5 μL RNase-free water. Thermal cycling was as follows: 1) 95°C for 5 s and 2) 40 cycles at 95°C for 10 s, 60°C for 20 s, and 72°C for 30 s. The melting curve analysis of the amplification products was performed to demonstrate the specificity of the PCR products. NADH dehydrogenase (NADHF, NADHR, Table 1 ) was used as a housekeeping gene for internal standardization. The 2 -ΔΔCT method was used to analyze the expression level of Wnt6 and Hox6 mRNA. All data are reported as means ± SE (N = 5), and the level of statistical significance was set at P < 0.05. Analysis was carried out using the SPSS16 software.
RESULTS
Characterization, homology, and phylogenetic analyses of A. japonicus Wnt6 full-length cDNA
The Wnt6 full-length cDNA contained 1140 nucleotides, which included a 2-bp 5ꞌ-untranslated region (UTR), a 109-bp 3ꞌ-UTR, and a 1029-bp open reading frame (ORF) (positions 3-1031) encoding 342 amino acids with a predicted molecular mass of 38 kDa and a theoretical isoelectric point of 8.82 (Figure 1) . The cDNA sequence of the Wnt6 gene was deposited in NCBI under accession No. JQ753331. The 1st 22 amino acids (positions 1-22) composed a signal peptide, and 274 amino acids (positions 38-311) composed the Wnt6 mature peptide.
Sequences of Wnt6 from invertebrate and vertebrate species were downloaded and used for homology and phylogenetic analyses. BLAST analysis revealed that Wnt6 from A. japonicus shared significant homology with that from Paracentrotus lividus (AEO92036.1, 51.7% identity), Strongylocentrotus purpuratus (XP_790077.1, 51.4% identity), Branchiostoma floridae (XP_002598625.1, 46.9% identity), and Xenopus laevis (ABY53107.1, 45.7% identity) (Figure 2) .
A phylogenetic tree was constructed by analyzing the amino acid sequence of A. japonicus Wnt6 and sequences from other invertebrate and vertebrate species. The tree indicated that the evolution of Wnt6 was almost in accordance with the evolution of species. A. japonicus Wnt6 shared greater identity with the sea urchins than with other species (Figure 3) . Characterization, homology, and phylogenetic analyses of A. japonicus AjHBOX6 (Hox6) full-length cDNA
The AjHBOX6 full-length cDNA contained 1312 nucleotides, which included a 91-bp 5ꞌ-UTR, a 254-bp 3ꞌ-UTR, and a 966-bp ORF (positions 92-1057) encoding 321 amino acids with a predicted molecular mass of 36.16 kDa and a theoretical isoelectric point of 5.86 (Figure 4) . The cDNA sequence of the AjHBOX6 gene was deposited in NCBI under accession number JQ753332. Sixty amino acids (positions 217-276) composed the conserved domain of Hox genes -the homeodomain, which is a DNA-binding site. Additionally, the amino acid sequence included three low compositional complexity domains (positions 125-139, 181-195, and 303-321) . This could be because AjHBOX6 is a transcription factor, and low compositional complexity regions are usually involved in flexible binding sites associated with specific functions (Coletta et al., 2010) . Sequences of AjHBOX6 from invertebrate and vertebrate species were downloaded and used for homology and phylogenetic analyses. BLAST analysis revealed that AjHBOX6 from A. japonicus shared significant homology with HEHBOX6 from Strongylocentrotus purpuratus (XP_793141.1, 38.9% identity), HOX8 from Metacrinus rotundus (BAF43726.1, 37.1% identity), HOX8 from Balanoglossus simodensis (BAH96551.1, 31.8% identity), and HOX7 from Branchiostoma lanceolatum (ACJ74388.1, 33% identity) ( Figure 5 ). A phylogenetic tree was constructed by analyzing the amino acid sequences of A. japonicus AjHBOX6 and sequences from other invertebrate and vertebrate species. The tree indicated that the evolution of Hox6, Hox7, and Hox8 was very conservative. A. japonicus AjHBOX6 shared greater identity with HEHBOX6 from the sea urchins than other species (Figure 6 ).
Expression profile of Wnt6 and AjHBOX6 (Hox6) mRNA during intestine regeneration
The mRNA expression level of Wnt6 and AjHBOX6 during intestinal regeneration was investigated using quantitative real-time PCR with NADH dehydrogenase as an internal control gene (Figures 7 and 8) . One peak in the melting curve was detected, which indicated that the PCR product was specifically amplified (data not shown). Additionally, the amplified product was determined by electrophoresis and sequencing.
First, Wnt6 was expressed in the normal intestine. Moreover, the Wnt6 mRNA expression level at first increased and then decreased during intestinal regeneration in A. japonicus. At 3 and 7 dpe, the expression level of Wnt6 was upregulated 4.06 and 10.42 fold of the con-trol, respectively. After that, the expression level of Wnt6 gradually decreased to 7.56 and 3.61 fold of the expression in the control at 14 and 21 dpe, respectively. Figure 6 . Phylogenetic tree constructed by neighbor-joining method based on the amino acid sequences of Hox genes from different animals. Unrooted tree generated using a sequence distance method (neighbor-joining) from Clustal X alignments. The tree topology was evaluated by 1000 replication bootstraps and numbers on each branch of the tree represent bootstrap support value. The sequences were acquired from the GenBank as follows: Hox8 (Metacrinus rotundus) (BAF43726.1), Hox8 (Balanoglossus simodensis) (BAH96551.1), HEHBOX6 (Heliocidaris erythrogramma) (AAB09405.1), Hox8 (Balanoglossus misakiensis) (BAH23877.1), Hox7 (Branchiostoma lanceolatum) (ACJ74388.1), AmphiHox7 (Branchiostoma floridae) (ABX39491.1), Hoxb-7 (Gallus gallus) (BAD95554.1), Hox-B7 (Cricetulus griseus) (EGW05241.1), Hox-B7 (Bos taurus) (DAA18571.1), HoxA7 (Latimeria menadoensis) (AAO43020.1), HoxA6 (Latimeria menadoensis) (ACL81438.1), Hox6 (Flaccisagitta enflata) (ABS18813.1), Hox-A6 (Mus musculus) (NP_034584.1), Hox-A6 (Heterocephalus glaber) (EHB07215.1). During intestinal regeneration in A. japonicus, the AjHBOX6 mRNA expression increased initially and then decreased. The AjHBOX6 mRNA expression level was not significantly increased at 3 dpe. Until 7 and 14 dpe, the expression level of Wnt6 was upregulated 2.11 and 3.59 fold of the level in the control. Then, the expression level of Wnt6 gradually decreased to the control level at 21 dpe.
DISCUSSION
Wnt6 was expressed in the normal intestine, which implied that it is necessary to maintain the normal life activity of A. japonicus. Moreover, the Wnt6 mRNA expression level at first increased and then decreased during intestinal regeneration in A. japonicus. Our previous histological studies demonstrated that the process of intestinal regeneration in A. japonicus was divided into five significant stages: wound healing (0-3 dpe), blastema formation (3-7 dpe), lumen formation (7-14 dpe), intestinal differentiation (14-21 dpe), and intestinal growth (14-21 dpe) (Xia and Xia, 2007) . Taken together, Wnt6 began to have an impact on intestinal regeneration at the stage of blastema formation, and its transcript expression was maintained at a high level at the stage of lumen formation and intestine differentiation. After that, when the intestine has finished differentiation, the expression level of Wnt6 gradually decreased to nearly the level of the control intestine. For the studies on regeneration in several animals including rat, it was found that Wnt signaling was required for the formation and proliferation of progenitor cells of the blastema (Monga et al., 2001; Stoick-Cooper et al., 2007; Lengfeld et al., 2009) . Experiments on the egg development of sea urchin have verified that Wnt6 is necessary for the activation of endodermal genes in the endomesoderm gene regulatory net- work (Croce et al., 2011) . Therefore, Wnt6 is likely to play an important role in the activation of many genes to initiate intestine regeneration. García-Arrarás et al. demonstrated that the epithelial-mesenchymal transition provided the initial source of cells for the formation of the intestine blastema in sea cucumber H. glaberrima (García-Arrarás et al., 2011) . Furthermore, Schubert et al. observed that the precise sites of Wnt6 expression coincided with the epithelial-mesenchymal transformation in the chick embryo (Schubert et al., 2002) . Above all, Wnt6 responded to intestinal regeneration in A. japonicus, and it plays an important role in intestinal regeneration in A. japonicus.
Hox genes that determine the regional identities of newly formed segments play an impotent role in regeneration in a wide range of animals (Simon and Tabin, 1993; Bayascas et al., 1997; Khan et al., 1999; Pfeifer et al., 2012) . They have attracted many scholars' attention in regeneration research. Just like Wnt6, the AjHBOX6 mRNA was also expressed in the normal intestine of A. japonicus, suggesting that its gene product was required to maintain normal life. However, not all Hox genes are detected in normal tissue; for example, Hox-4.5 transcripts were not detected in normal limbs of newts (Simon and Tabin, 1993) . Therefore, not all Hox genes are needed to maintain normal life. Hox6 belongs to the medial cluster of the Hox gene family. Hox6 was found to be overexpressed in the thoracic region of mouse embryos (Gaunt et al., 1988) . It was also found to play a role in motor neuron diversity and connectivity (Dalla Torre di Sanguinetto et al., 2008) . During intestinal regeneration in A. japonicus, the AjHBOX6 mRNA expression level was not significantly increased at 3 dpe. Until 7 and 14 dpe, the expression level of Wnt6 was upregulated. Then, the expression level of Wnt6 gradually decreased to the control level at 21 dpe. AjHBOX6 was re-expressed in later intestinal regeneration stages: lumen formation and intestine differentiation. This phenomenon was not special; it has been observed in other species. For example, three Hox genes (Xhoxc10, XHoxa13, and XHoxd13) showed different expression patterns in limb regeneration of Xenopus: Xhoxc10 was upregulated when cells dedifferentiated in the blastema, whereas XHoxa13 was re-expressed slightly in later regeneration, and XHoxd13 was not expressed until late regeneration (Christen et al., 2003) . Hox cluster genes have been demonstrated to play distinct roles in regeneration: 1) they play roles in wound healing and setting up regeneration that are different from their roles in development, and 2) they specify positional identity in regeneration similar to their roles in development (Gardiner et al., 1995; Carlson et al., 2001) . Therefore, according to its overexpression at the stages of lumen formation and intestine differentiation, AjHBOX6 may belong to the 2nd group that guides intestine differentiation to anterior, middle, and posterior intestine.
